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SvyNnopsis. | present an overview of recent research on the isolation and charac-
terization of members of the crustacean hyperglycemic hormone (CHH) neuro-
peptide family. Members of this arthropod-specific family include CHH, molt-in-
hibiting hormone (M1H), vitellogenesis-inhibiting hormone (VIH), and mandibular
organ-inhibiting hormone (MOIH). There are two subfamilies of this neur opeptide
group, based upon the presence or absence of a C-terminal CHH precur sor-related
peptide. There are also sequence motif differences between these subfamilies. M ost
of the peptides comprising this neuropeptide family are synthesized and released
by the eyestalk X-organ/sinus gland complex. Recent experiments have demon-
strated the presence of extra-eyestalk cells that produce CHH and the assignment
of additional functions to this hormone family.

INTRODUCTION: CHARACTERIZATION OF CHH
AND MIH

In the field of crustacean endocrinology,
one of the most interesting observations is
the multi-functionality of the novel arthro-
pod neuropeptide family related to the crus-
tacean hyperglycemic hormone (CHH). |
will refer to this group of related hormones
somewhat arbitrarily as the CHH family
simply because CHH was the first member
of the family to be sequenced. The purpose
of this paper is to present an overview of
work on various members of this hormone
family with an emphasis on the more re-
cently published work. It is not meant to be
comprehensive; rather, it has a personal fo-
cus on work from my laboratory.

Unlike insects, crustaceans appear to reg-
ulate their molting glands with a neuropep-
tide inhibitor. Almost a century ago, Zeleny
(1905) removed the eyestalks from the fid-
dler crab, Uca pugilator, and observed a
dramatic shortening of the molt interval
(length of time between molts). This obser-
vation led to the postulation of a humoral
factor in the eyestalks that normally acts as
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a molt-inhibiting hormone (MIH). Other
observations were made that the eyestalks
were also the location of a humoral factor
that regulated blood glucose concentrations.
Abramowitz et al. (1944) observed that in-
jections of eyestalk extracts resulted in the
elevation of hemolymph glucose in crabs.
Because of the observed hyperglycemic ef-
fect, the responsible factor was called CHH.

Based upon detailed microscopic studies,
a neurohemal organ was described in those
decapod crustaceans examined (Bliss and
Welsh, 1952; Passano, 1953). This neuro-
hemal organ is called the sinus gland. It
consists of the enlarged terminals of a
group of neurosecretory neurons collective-
ly called the X-organ. The sinus gland
serves as a storage and release site for the
neurosecretory granules produced by the X-
organ neurons. It has been presumed that
different neurons synthesize and secrete the
different hormones (MIH and CHH). Much
of the early physiological and histological
work on MIH and CHH has aready been
reviewed (Keller et al., 1985; Kleinholz and
Keller, 1979; Skinner, 1985; Keller and Se-
dimeier, 1988; Chang, 1989; Keller, 1992).

Since our laboratory had been working
on ecdysteroid (molting hormone) secretion
for several years, we became interested in
the regulation by MIH. | collaborated with
Robert Newcomb, who had perfected
HPLC techniques for the separation and
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quantification of sinus gland peptides from
the crab Cardisoma carnifex (Newcomb,
1983; Newcomb et al., 1985). This species
has unusually large eyestaks and sinus
glands. Using HPLC, we purified extracts
of lobster (Homarus americanus) sinus
glands and observed that only a single frac-
tion had MIH activity based on the activity
of injected fractions to increase the molt in-
terval and to decrease circulating titers of
ecdysteroids (Chang et al., 1987).

Shortly thereafter, Rainer Keller's group
published the first amino acid sequence of
a CHH (Kegel et al., 1989). Their experi-
mental animal was the green crab Carcinus
maenas. This 72 amino acid peptide did not
belong to any previously known neuropep-
tide families. It has a pyroglutamate at the
N-terminus and a valine-amide at the C-ter-
minus. It has six cysteines and Kegel et al.
(1989) were able to determine the locations
of the three disulfide bonds from analyses
of proteolytic digests.

We continued our studies on H. ameri-
canus MIH (Hoa-MIH) in collaboration
with Glenn Prestwich and partially se-
quenced a peptide that had both MIH and
CHH activity (Chang et al., 1990). It was
clearly related to C. maenas CHH. Using
molecular methods, Van Herp and col-
leagues independently determined the se-
quences of two lobster CHHs (CHH-A and
CHH-B; Tensen et al., 1991). Subsequent
work in our laboratory has verified the
identity of Hoa-MIH with CHH-A. The per-
plexing question, that still remains unre-
solved, is how can such vastly different
functions—molt-inhibition and elevation of
hemolymph glucose—be precisely regulat-
ed by the same peptide? As will be dis
cussed below, this problem becomes even
more complex.

MORE MEMBERS JOIN THE FAMILY

Also working on H. americanus, Soyez's
group published the sequence of another
member of the CHH family that was able
to inhibit vitellogenesis in a heterologous
system (the shrimp Palaemonetes varians;
Soyez et al., 1991). Based upon their bio-
assay, they named this peptide vitellogene-
sis-inhibiting hormone (VIH). Its function
in the lobster, however, has not yet been
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determined. Since the initial identification
of CHH, MIH, and VIH physiological ac-
tivities attributable to this family, several
other functions have been ascribed to these
related peptides. Working with the locust,
Schistocerca gregaria, Phillips' group iden-
tified and characterized a family member
that mediates ion transport in the gut (Au-
dsley et al., 1992). Based upon its amino
acid sequence, this ion transport peptide is
definitely a member of the CHH family
(Meredith et al., 1996) and demonstrates
that the CHH family is not restricted to
crustaceans.

Recent evidence indicates that CHH it-
self also regulates ion and water balance in
crustaceans. Spanings-Pierrot et al. (2000)
observed that CHH from the crab Pachy-
grapsus marmoratus was able to increase
the transepithelial potential difference and
sodium influx of isolated gills. In C. maen-
as, Chung et al. (1999) observed a dramatic
rise (several orders of magnitude) and peak
in circulating CHH just at ecdysis. My lab-
oratory has made similar unpublished ob-
servations in H. americanus in collabora-
tion with Keller. Chung et al. (1999) con-
cluded that this surge in CHH mediates the
completion of ecdysis via the rapid uptake
of water.

Another function has been attributed to
the CHH family. From the crab Cancer pa-
gurus, two novel peptides were isolated and
sequenced. Both peptides inhibited the syn-
thesis of the terpenoid methyl farnesoate by
the mandibular organ in vitro. These pep-
tides were named mandibular organ-inhib-
iting hormones (MOIHSs). Although the
peptides are definitely members of the CHH
family, they did not have CHH activity
(Wainwright et al., 1996). In the crab Li-
binia emarginata, Laufer’'s group identified
a peptide that had the ability to inhibit syn-
thesis of methyl farnesoate by mandibular
organs in vitro (Liu and Laufer, 1996; Liu
et al., 1997). This MOIH aso had hyper-
glycemic activity.

The existence of peptides with multiple
biological activities is further illustrated by
the work of Khayat et al. (1998). They iso-
lated a group of seven distinct peptides
from the shrimp Penaeus japonicus. Six of
the peptides had hyperglycemic activity,
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three had molt-inhibiting activity, and all of
the peptides were able to inhibit the incor-
poration of radiolabeled methionine into
ovarian fragments in vitro.

| have compiled a table that contains
most of the current members of the CHH
family (Table 1). For sequence data and
alignments, see Lacombe et al. (1999).

GENE STRUCTURE AND EXPRESSION

The use of molecular techniques has per-
mitted a number of studies on the structure
and expression of the CHH family genes.
In C. maenas (Weidemann et al., 1989) and
the crayfish Orconectes limosus (De Kleijn
et al., 1994a), the CHH preprohormone has
a 26 amino acid signal peptide. At the C-
terminus, the signal peptide is followed by
a 38 amino acid CHH precursor-related
peptide (CPRP) in C. maenas. The CPRP
is 33 amino acids long in both O. limosus
and H. americanus (Tensen et al., 1991; De
Kleijn et al., 1995). The actual CHH pep-
tide is located at the C-terminal end of the
CPRP.

The function of the CPRP is unknown.
A universal hypothesis for its function is
complicated by the observation that CPRP
is not present in either H. americanus pre-
pro-VIH or the mgjority of the prepro-MIH
peptides. Thus two major subgroups of the
family arise. These subgroups are CHH and
MIH/VIH/MOIH and are also distinguished
by different motifs of sequence data (La-
combe et al., 1999). Caution must be ex-
ercised, however, since the nomenclature
for several members of the family is based
upon a circular argument. In other words, a
newly sequenced peptide is called a MIH
and placed into the MIH/VIH subgroup
based upon its sequence similarity to pre-
viously published members of the family
and not necessarily because of its biological
activity.

Two distinct genes for O. limosus CHH
have been characterized by De Kleijn et al.
(1994a). The genes code for preprohormo-
nes that differ slightly in their signal pep-
tides and their CPRPs, but are identical in
their CHH coding regions. The two genes
are expressed in different amounts in dif-
ferent individuals. Since both genes code
for the identical CHH peptide, the two ob-
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served CHH isoforms must be due to post-
translational modification. It is not known
if this post-transational modification is an
isomerization of a gene-encoded L-amino
acid to a D-amino acid as described below.
In contrast to the ratio of the mRNASs from
the two CHH genes, the ratio of the two
CHH peptide isoforms was similar in indi-
vidual crayfish (De Kleijn et al., 1994a).

De Kleijn et al. (1995) also sequenced
genes coding for CHH-A and CHH-B in H.
americanus. They observed DNA sequence
variations between the two genes that re-
sulted in amino acid substitutionsin the sig-
nal peptides, the CPRPs, and the CHH pep-
tides.

Recent research indicates that some of
the isoforms seen in the CHH family may
be due to isomers of specific amino acid
residues. Soyez et al. (1994) observed two
isoforms of both CHH-A and CHH-B. They
determined that these isoforms were due to
the presence of either the L- or D-configu-
ration of phenylalanine at the third position
(Phe®). The different isoforms resulted in
differential hyperglycemic responses. [L-
Phe®]CHH-A produced maximal hypergly-
cemia after 2 hr; [D-Phe’]CHH-A produced
its maximal effect after 3—4 hr. The levels
of hyperglycemia produced by the two iso-
forms, however, were the same. Release
rates of each of the isomers was similar un-
der basal conditions (Ollivaux and Soyez,
2000).

Yasuda et al. (1994) observed a similar
phenomenon in the CHH of Procambarus
clarkii (Prc-CHH). Prc-CHH-I has an L-
Phe®, while Prc-CHH-II has a D-Phe3. The
two isoforms had similar hyperglycemic ac-
tivities but Prc-CHH-I1 had a 10-fold great-
er MIH activity in an in vitro Y-organ as-
say. The authors concluded that this isom-
erism could explain the differential biolog-
ical effects of CHH (hyperglycemia and
molt-inhibition).

There appear to be multiple copies of
some members of the peptide family. There
are at least two copies of the MIH gene and
3-10 copies of the MOIH gene in C. pa-
gurus (Tang et al., 1999; Lu et al., 2000).

Sufficient sequence data have now been
accumulated to permit the construction of a
dendrogram of the family and the identifi-
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TaBLE 1. Listing of species, putative activities, and references for sequenced neuropeptides of the CHH family.

Arv-CHH Martin et al., 1993

Arv-VIH Greve et al., 1999

Canm-MIH Umphrey et al., 1998

Cap-CHH-I, 11 Chung et al., 1998

Cap-MIH Chung et al., 1996

Cap-MOIH-I, 11 Wainwright et al., 1996

Carm-CHH Kegel et al., 1989; Weidemann et al., 1989
Carm-MIH Webster, 1991; Klein et al., 1993

Cas-MIH Lee et al., 1995

Chf-MIH Chan et al., 1998

Hoa-CHH-A/MIH

Chang et al., 1990; Tensen et al., 1991,
De Kleijn et al., 1995

Hoa-CHH-B Tensen et al., 1991; De Kleijn et al., 1995
Hoa-VIH-I Soyez et al., 1991

Hoa-VIH-I1 Soyez et al., 1994; De Kleijn et al., 1994b
Jal-CHH-I Marco et al., 1998

Jal-CHH-I1 Marco et al., 2000

Lam-LMWP Gasparini et al., 1994

Lie-MOIH Liu et al., 1997

Mar-CHH Sithigorngul et al., 1999

Mee-CHH-A Gu and Chan, 1998a

Mee-CHH-A Gu et al., 2000

Mee-MIH Gu and Chan, 1998b

Orl-CHH Kegel et al., 1991; De Kleijn et al., 1994a
Pej-CHH/SGP-111 Yang et al., 1995; Ohira et al., 1997a
Pej-MIH/SGP-1V Yang et al., 1996; Ohira et al., 1997b
Pem-SGP-I-V Davey et al., 2000

Pes-CHH Huberman et al., 2000

Pev-MIH-like Sun, 1994

Prb-CHH-I Huberman et al., 1993

Prb-CHH-II Aguilar et al., 1995

Prb-MIH Aguilar et al., 1996

Prc-CHH-I, 11 Yasuda et al., 1994

Prc-MIH Nagasawa et al., 1996

Scg-ITP Meredith et al., 1996

Abbreviations for species: Arv: Armadillidium vulgare; Canm: Cancer magister; Cap: Cancer pagurus; Carm:

Carcinus maenas; Cas: Callinectes sapidus; Chf: Charybdis feriatus; Hoas Homarus americanus; Ja: Jasus
lalandii; Lam: Latrodectus mactans tredecimguttatus; Lie: Libinia emarginata; Mar: Macrobrachium rosenber-
gii; Mee: Metapenaeus ensis; Orl: Orconectes limosus; Pgj: Penaeus japonicus, Pem: Penaeus monodon; Pes:
Penaeus schmitti; Pev: Penaeus vannamei; Prb: Procambarus bouvieri; Prc: Procambarus clarkii; Scg: Schis-
tocerca gregaria. Abbreviations for activities: CHH: crustacean hyperglycemic hormone; ITP: ion-transport
peptide; LMWP: low molecular weight protein; MIH: molt-inhibiting hormone; MOIH: mandibular organ-in-
hibiting hormone; SGP: sinus gland peptide; VIH: vitellogenesis-inhibiting hormone. (Note that there is a rec-
ommendation that the genus name Litopenaeus be substituted for Penaeus for P. schmitti and P. vannamel and
mar supenaeus for P. japonicus; Perez-Farfante and Kensley, 1997).

cation of conserved sequence motifs (La-
combe et al., 1999). The arrangement and
expression of genes of the CHH family
have been reviewed in greater detail by De
Kleijn and Van Herp (1995) and Van Herp
(1998).

As more DNA probes for the peptide
family become available, researchers will
be able to address the factors that influence
transcription of the genes. Some studies
have been published indicating that differ-
ent levels of peptide transcripts can be mea-

sured throughout the molt cycle (Reddy et
al., 1997; Lee et al., 1998). Whether these
differences during the molt cycle are due to
differential transcription rates (as opposed
to differential degradation or processing)
remains to be determined.

Recent progress has been made in the ex-
pression of recombinant CHH peptides. Us-
ing Escherichia coli, MIH from P. japoni-
cus (Ohira et al., 1999) and from Metapen-
aeus ensis (Gu et al., 2001) were success-
fully expressed with biological activity.
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Other expression systems have used the
yeast Pichia pastoris (Sun, 1997) and insect
cells with a bacculovirus (Watson, 1999).
The availability of large quantities of bio-
logically active peptides will certainly be
important for more detailed physiological
studies.

IMMUNOLOGICAL ASsAYS FOR CHH

Several rapid immunological assays for
the CHH family have greatly assisted in
studies into the localization and physiology
of the member peptides. Radioimmunoas-
says (RIAs) were developed for the CHHs
of C. maenas, O. limosus, and C. pagurus
(Keller, 1988; Webster, 1996). These RIAS,
however, were difficult to conduct and re-
quired radiolabeled hormone. More recent-
ly, sensitive enzyme-linked immunosorbent
assays (ELISAs) were developed for the
crab C. carnifex (Keller et al., 1994) and H.
americanus (Chang et al., 1998). My lab-
oratory has used the ELISA to quantify cir-
culating levels of CHH in lobsters follow-
ing environmental stress, such as hypoxia
(Chang et al., 1998), and parasitic infection
(Stentiford et al., 2001).

CHH PeptiDES OUTSIDE OF THE X-ORGAN/
SINUs GLAND

There are some limited reports indicating
the synthesis and release of CHH family
peptides from non-eyestalk locations of the
central nervous system (Keller et al., 1985;
De Kleijn et al., 1995; Dircksen and Heyn,
1998; Chang et al., 1999b; Gu et al., 2000).
In addition, our laboratory reported small,
but significant concentrations of CHH im-
munoreactivity in the hemolymph of lob-
sters that had been eyestalk-ablated for over
one year (Chang et al., 1998). These ablat-
ed lobsters also displayed an elevation in
hemolymph CHH following emersion-in-
duced hypoxia. Based on these observa
tions, we conducted a study to examine the
neurons-of-origin of these peptides. Using
ELISA, we assayed various portions of the
lobster thoracic nervous system (Chang et
al., 1999a). The highest levels were found
in the second roots emerging from thoracic
ganglia 1-5 (up to 200 fmol/mg tissue).

These thoracic second roots contain cells
that were described several decades ago as
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being neurosecretory based upon their mor-
phological and physiological properties
(Evans et al., 1976; Konishi and Kravitz,
1978; Livingstone et al., 1981). In collab-
oration with Edward Kravitz and Barbara
Beltz, we observed that many of the cells
in the second roots stained positively for
CHH (Fig. 1). In vitro, these cells and a pair
of cells in the subesophageal ganglion re-
lease CHH in a calcium-dependent manner
when depolarized with elevated potassium
(Chang et al., 1999a).

We are uncertain if this non-eyestalk
CHH is identical to the lobster X-organ/si-
nus gland CHH previously sequenced. We
are also uncertain about the function of this
extra-eyestalk CHH. Based upon measure-
ments of hemolymph CHH, the amount of
extra-eyestalk CHH is unlikely to contrib-
ute significantly to glucose regulation at the
organismal level. However, it could mediate
a localized regulation of cellular glucose
metabolism. For example, under periods of
stress, localized release of CHH could be
important in meeting elevated metabolic re-
quirements of neural cells. It is aso possi-
ble that the extra-eyestalk material could
serve a neuromodulatory role as has been
ascribed to other *‘classical’” crustacean
eyestalk hormones, such as red pigment-
concentrating hormone (RPCH).

Extra-eyestalk CHH could also mediate
functions that are distinct from glucose me-
tabolism. Recent publications from Web-
ster’'s and Dircksen’s laboratories describe
paraneurons in distinct areas of the crab (C.
maenas) foregut and hindgut (Chung et al.,
1999; Webster et al., 2000). These cells
only express CHH during ecdysis and these
cells are likely the source of the CHH surge
during ecdysis that mediates water uptake.

ProsPECTS

I think that the field of crustacean neu-
roendocrinology is entering an exciting pe-
riod that will depend upon a range of old
(organ culture, histology) and new (molec-
ular) experimental techniques. It will be
necessary to use homologous bioassays on
each of the purified hormones to determine
the range and magnitude of activities (e.g.,
is the primary function of an identified
CHH actually the regulation of hemolymph
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Fic. 1. A confocal microscopic projection of 16 collected (0.2 pm sections) images of neurosecretory cells
near the bifurcation of the second root of the subesophageal ganglion of a lobster. It also shows the laterally
projecting axon of the lower cell. The tissue was fixed and stained with cyanine dye-conjugated 1gG made
against H. americanus CHH-A. Scale bar = 5 pum. Details of the method have been described (Chang et al.,

1999a).

glucose?) Sorting out the diversity of func-
tions of the CHH family will ultimately de-
pend upon further experiments on the tem-
poral and tissue-specific aspects of gene ex-
pression. In order to identify target tissues,
characterization of specific hormone recep-
tors will also be necessary.

ACKNOWLEDGMENTS

| thank the many collaborators that have
contributed to our understanding of the top-
ics presented in this review. | especidly
thank Sharon A. Chang for laboratory and
editorial assistance. Some of the work de-
scribed in this paper was funded in part by
a grant from the National Sea Grant College
Program, National Oceanic and Atmospheric
Administration, U.S. Department of Com-
merce, under grant number NAG66RG0477,
project number R/A-111A through the Cal-
ifornia Sea Grant College System, and in
part by the California State Resources Agen-
cy. The views expressed herein are those of
the author and do not necessarily reflect the
views of NOAA or any of its sub-agencies.
Contribution no. 2145 from the Bodega Ma-
rine Laboratory.

REFERENCES

Abramowitz, A., F Hisaw, and D. Papandrea. 1944.
The occurrence of a diabetogenic factor in the
eyestalks of crustaceans. Biol. Bull. 86:1-4.

Aguilar, M. B., R. Falchetto, J. Shabanowitz, D. E
Hunt, and A. Huberman. 1996. Complete primary
structure of the molt-inhibiting hormone (MIH) of
the Mexican crayfish Procambarus bouvieri (Ort-
mann). Peptides 17:367-374.

Aguilar, M. B., D. Soyez, R. Falchetto, D. Arnott, J.
Shabanowitz, D. F Hunt, and A. Huberman. 1995.
Amino acid sequence of the minor isomorph of
the crustacean hyperglycemic hormone (CHH-II)
of the Mexican crayfish Procambarus bouvieri
(Ortmann): Presence of a D-amino acid. Peptides
16:1375-1383.

Audsley, N., C. Mclntosh, and J. E. Phillips. 1992.
Isolation of a neuropeptide from locust corpus car-
diacum which influences ileal transport. J. Exp.
Biol. 173:261-274.

Bliss, D. E. and J. H. Welsh. 1952. The neurosecretory
system of brachyuran Crustacea. Biol. Bull. 103:
157-169.

Chan, S-M., X.-G. Chen, and P-L. Gu. 1998. PCR
cloning and expression of the molt-inhibiting hor-
mone gene for the crab (Charybdisferiatus). Gene
224:23-33.

Chang, E. S. 1989. Endocrine regulation of molting in
Crustacea. Rev. Aquatic Sci. 1:131-157.

Chang, E. S., M. J. Bruce, and R. W. Newcomb. 1987.
Purification and amino acid composition of a pep-
tide with molt-inhibiting activity from the lobster,



386

Homarus americanus. Gen. Comp. Endocrinol.
65:56-64.

Chang, E. S, S. A. Chang, B. S. Beltz, and E. A.
Kravitz. 1999a. Crustacean hyperglycemic hor-
mone in the lobster nervous system: Localization
and release from cells in the subesophageal gan-
glion and thoracic second roots. J. Comp. Neurol.
414:50-56.

Chang, E. S, S. A. Chang, R. Kéeller, P S. Reddy, M.
J. Snyder, and J. L. Spees. 1999b. Quantification
of stress in lobsters: Crustacean hyperglycemic
hormone, stress proteins, and gene expression.
Amer. Zool. 39:487—-495.

Chang, E. S., R. Kéller, and S. A. Chang. 1998. Quan-
tification of crustacean hyperglycemic hormone
by ELISA in hemolymph of the lobster, Homarus
americanus, following various stresses. Gen.
Comp. Endocrinol. 111:359-366.

Chang, E. S., G. D. Prestwich, and M. J. Bruce. 1990.
Amino acid sequence of a peptide with both molt-
inhibiting and hyperglycemic activities in the lob-
ster, Homarus americanus. Biochem. Biophys.
Res. Commun. 171:818-826.

Chung, J. S, H. Dircksen, and S. G. Webster. 1999. A
remarkable, precisely timed release of hypergly-
cemic hormone from endocrine cells in the gut is
associated with ecdysis in the crab Carcinus
maenas. Proc. Natl. Acad. Sci. U.S.A. 96:13103—
13107.

Chung, J. S, M. C. Wilkinson, and S. G. Webster.
1996. Determination of the amino acid sequence
of the moult-inhibiting hormone from the edible
crab, Cancer pagurus. Neuropeptides 30:95-101.

Chung, J. S, M. C. Wilkinson, and S. G. Webster.
1998. Amino acid sequences of both isoforms of
crustacean hyperglycemic hormone (CHH) and
corresponding precursor-related peptide in Cancer
pagurus. Regulat. Pept. 77:17-24.

Davey, M. L., M. R. Hall, R. H. Willis, R. W. A. OI-
iver, M. J. Thurn, and K. J. Wilson. 2000. Five
crustacean hyperglycemic family hormones of
Penaeus monodon: Complementary DNA se-
quence and identification in single sinus glands by
electrospray ionization-fourier transform mass
spectrometry. Mar. Biotechnol. 2:80-91.

DeKleijn, D. P V., E. P H. De Leeuw, M. C. Van Den
Berg, G. J. M. Martens, and F Van Herp. 1995.
Cloning and expression of two mRNAs encoding
structurally different hyperglycemic hormone pre-
cursors in the lobster Homarus americanus.
Biochim. Biophys. Acta 1260:62—66.

DeKleijn, D. R V., K. R C. Janssen, G. J. M. Martens,
and F Van Herp. 1994a. Cloning and expression
of two crustacean hyperglycemic-hormone
mRNAs in the eyestalk of the crayfish Orconectes
limosus. Eur. J. Biochem. 224:623—-629.

DeKleijn, D. R V., E J. G. T. Sleutels, G. J. M. Mar-
tens, and F Van Herp. 1994b. Cloning and ex-
pression of mMRNA encoding prepro-gonad-inhib-
iting hormone (GIH) in the lobster Homarus
americanus. FEBS Lett. 353:255-258.

De Kleijn, D. P V. and F Van Herp. 1995. Molecular
biology of neurohormone precursors in the eye-

ErRNEST S. CHANG

stalk of Crustacea. Comp. Biochem. Physiol.
112B:573-579.

Dircksen, H. and U. Heyn. 1998. Crustacean hyper-
glycemic hormone-like peptidesin crab and locust
peripheral intrinsic neurosecretory cells. In H.
Vaudry, M.-C. Tonon, E. W. Roubos, and A. de
Loof (eds.), Trends in compar ative endocrinology
and neurobiology, pp. 392-394. New York Acad-
emy of Sciences, New York.

Evans, P D., E. A. Kravitz, B. R. Talamo, and B. G.
Wallace. 1976. The association of octopamine
with specific neurones along lobster nerve trunks.
J. Physiol. 262:51-70.

Gasparini, S., N. Kiyatkin, P Drevet, J.-C. Boulain, F
Tacnet, P Ripoche, E. Forest, E. Grishin, and A.
Menez. 1994. The low molecular weight protein
which co-purifies with a-latrotoxin is structurally
related to crustacean hyperglycemic hormones. J.
Biol. Chem. 269:19803-198009.

Greve, P, O. Sorokine, T. Berges, C. Lacombe, A. Van
Dorsselaer, and G. Martin. 1999. Isolation and
amino acid sequence of a peptide with vitellogen-
esis inhibiting activity from the terrestrial isopod
Armadillidium vulgare (Crustacea). Gen. Comp.
Endocrinol. 115:406—-414.

Gu, P-L. and S.-M. Chan. 1998a. Cloning of a cDNA
encoding a putative molt-inhibiting hormone from
the eyestalk of the sand shrimp Metapenaeus en-
sis. Molec. Mar. Biol. Biotechnol. 7:214—220.

Gu, P-L. and S.-M. Chan. 1998b. The shrimp hyper-
glycemic hormone-like neuropeptide is encoded
by multiple copies of genes arranged in a cluster.
FEBS Lett. 441:397—-403.

Gu, P-L., K. H. Chu, and S.-M. Chan. 2001. Bacterial
expression of the shrimp molt-inhibiting hormone
(MIH): Antibody production, immunocytochemi-
cal study and biological assay. Cell Tiss. Res. 303:
129-136.

Gu, P-L., K. L. Yu, and S.-M. Chan. 2000. Molecular
characterization of an additional shrimp hypergly-
cemic hormone: cDNA cloning, gene organiza-
tion, expression and biological assay of recombi-
nant proteins. FEBS Lett. 472:122-128.

Huberman, A., M. B. Aguilar, K. Brew, S. Shabanow-
itz, and D. FE Hunt. 1993. Primary structure of the
major isomorph of the crustacean hyperglycemic
hormone (CHH-I) from the sinus gland of the
Mexican crayfish Procambarus bouvieri (Ort-
mann): Interspecies comparison. Peptides 14:7—
16.

Huberman, A., M. B. Aguilar, |. Navarro-Quiroga, L.
Ramos, |. Fernandez, E M. White, and D. F Hunt.
2000. A hyperglycemic peptide hormone from the
Caribbean shrimp Panaeus (litopenaeus) schmitti.
Peptides 21:331-338.

Kegel, G., B. Reichwein, C. P. Tensen, and R. Keller.
1991. Amino acid sequence of crustacean hyper-
glycemic hormone (CHH) from the crayfish, Or-
conectes limosus: Emergence of a novel neuro-
peptide family. Peptides 12:909-913.

Kegel, G., B. Reichwein, S. Weese, G. Gaus, J. Peter-
Katalinic, and R. Keller. 1989. Amino acid se-
quence of the crustacean hyperglycemic hormone



CRUSTACEAN HYPERGLYCEMIC HORMONE

(CHH) from the shore crab, Carcinus maenas.
FEBS Lett. 255:10-14.

Keller, R. 1988. Radioimmunoassays and ELISAs:
Peptides. In L. |. Gilbert and T. A. Miller (eds.),
Immunological techniques in insect biology, pp.
253-272. Springer, Heidelberg.

Keller, R. 1992. Crustacean neuropeptides: Structures,
functions and comparative aspects. Experientia
48:439-448.

Keller, R., B. Haylett, and |. Cooke. 1994. Neurose-
cretion of crustacean hyperglycemic hormone
evoked by axonal stimulation or elevation of sa-
line K+ concentration quantified by a sensitiveim-
munoassay method. J. Exp. Biol. 188:293-316.

Keller, R., P P Jaros, and G. Kegel. 1985. Crustacean
hyperglycemic neuropeptides. Amer. Zool. 25:
207-221.

Keller, R. and D. Sedimeier. 1988. A metabolic hor-
mone in crustaceans: The hyperglycemic neuro-
peptide. In H. Laufer and R. G. H. Downer (eds.),
Endocrinology of selected invertebrate types, pp.
315-326. Alan R. Liss, New York.

Khayat, M., W.-J. Yang, K. Aida, H. Nagasawa, A.
Tietz, B. Funkenstein, and E. Lubzens. 1998. Hy-
perglycaemic hormones inhibit protein and
mRNA synthesis in in vitro-incubated ovarian
fragments of the marine shrimp Penaeus semisul-
catus. Gen. Comp. Endocrinol. 110:307-318.

Klein, J. M., S. Mangerich, D. P V. de Kleijn, R. Kel-
ler, and W. M. Weidemann. 1993. Molecular clon-
ing of crustacean putative molt-inhibiting hor-
mone (MIH) precursor. FEBS Lett. 334:139-142.

Kleinholz, L. H. and R. Keller. 1979. Endocrine reg-
ulation in Crustacea. In E. J. W. Barrington (ed.),
Hormones and evolution, Vol. 1, pp. 159-213.
Academic Press, New York.

Konishi, S. and E. A. Kravitz. 1978. The physiological
properties of amine-containing neurones in the
lobster nervous system. J. Physiol. 279:215-229.

Lacombe, C., P Greve, and G. Martin. 1999. Overview
on the sub-grouping of the crustacean hypergly-
cemic hormone family. Neuropeptides 33:71-80.

Lee K. J, T. S. Elton, A. K. Bgj, S. A. Watts, and R.
D. Watson. 1995. Molecular cloning of a cDNA
encoding putative molt-inhibiting hormone from
the blue crab, Callinectes sapidus. Biochem. Bio-
phys. Res. Commun. 209:1126-1131.

Lee, K. J, R. D. Watson, and R. D. Roer. 1998. Molt-
inhibiting hormone mRNA levels and ecdysteroid
titer during a molt cycle of the blue crab, Calli-
nectes sapidus. Biochem. Biophys. Res. Commun.
249:624—627.

Liu, L. and H. Laufer. 1996. Isolation and character-
ization of sinus gland neuropeptides with both
mandibular organ inhibiting and hyperglycemic
effects from the spider crab Libinia emarginata.
Arch. Insect Biochem. Physiol. 32:375-385.

Liu, L., H. Laufer, Y. J. Wang, and T. Hayes. 1997. A
neurohormone regulating both methyl farnesoate
synthesis and glucose metabolism in a crustacean.
Biochem. Biophys. Res. Commun. 237:694—701.

Livingstone, M. S, S. F Schaeffer, and E. A. Kravitz.
1981. Biochemistry and ultrastructure of seroto-
nergic nerve endings in the lobster: Serotonin and

387

octopamine are contained in different nerve end-
ings. J. Neurobiol. 12:27-54.

Lu, W.,, G. Wainwright, S. G. Webster, H. H. Rees, and
P C. Turner. 2000. Clustering of mandibular or-
gan-inhibiting hormone and moult-inhibiting hor-
mone genes in the crab, Cancer pagurus, and im-
plications for regulation of expression. Gene 253:
197-207.

Marco, H. G., W. Brandt, and G. Gade. 1998. Eluci-
dation of the amino acid sequence of a crustacean
hyperglycaemic hormone from the spiny lobster,
Jasus lalandii. Biochem. Biophys. Res. Commun.
248:578-583.

Marco, H. G., W. Brandt, S. Stoeva, W. Voelter, and
G. Gade. 2000. Primary structures of a second hy-
perglycemic peptide and of two truncated forms
in the spiny lobster, Jasus lalandii. Peptides 21:
19-27.

Martin, G., O. Sorokine, and A. Van Dorsselaer. 1993.
Isolation and molecular characterization of a hy-
perglycemic neuropeptide from the sinus gland of
the terrestrial isopod Armadillidium vulgare
(Crustacea). Eur. J. Biochem. 211:601-607.

Meredith, J., M. Ring, A. Macins, J. Marschall, N. N.
Cheng, D. Theilmann, H. W. Brock, and J. E. Phil-
lips. 1996. Locust ion transport peptide (ITP): Pri-
mary structure, cONA and expression in a bacu-
lovirus system. J. Exp. Biol. 199:1053-1061.

Nagasawa, H., W.-J. Yang, H. Shimizu, K. Aida, H.
Tsutsumi, A. Terauchi, and H. Sonobe. 1996. |so-
lation and amino acid sequence of a molt-inhib-
iting hormone from the American crayfish, Pro-
cambarus clarkii. Biosci. Biotech. Biochem. 60:
554-556.

Newcomb, R. W. 1983. Peptides in the sinus gland of
Cardisoma carnifex: Isolation and amino acid
analysis. J. Comp. Physiol. 153:207—221.

Newcomb, R., E. Stuenkel, and |. Cooke. 1985. Char-
acterization, biosynthesis, and release of neuro-
peptides from the X-organ-sinus gland system of
the crab Cardisoma carnifex. Amer. Zool. 25:157—
172.

Ohira, T., T. Nishimura, H. Sonobe, A. Okuno, T. Wa-
tanabe, H. Nagasawa, |. Kawazoe, and K. Aida.
1999. Expression of a recombinant molt-inhibiting
hormone of the kuruma prawn Penaeus japonicus
in Escherichia coli. Biosci. Biotechnol. Biochem.
63:1576-1581.

Ohira, T., T. Watanabe, H. Nagasawa, and K. Aida
1997a. Cloning and sequence analysis of a cDNA
encoding a crustacean hyperglycemic hormone
from the Kuruma prawn Penaeus japonicus. Mo-
lec. Mar. Biol. Biotechnol. 6:59—63.

Ohira, T., T. Watanabe, H. Nagasawa, and K. Aida.
1997b. Molecular cloning of a molt-inhibiting
hormone cDNA from the kuruma prawn Penaeus
japonicus. Zool. Sci. 14:785-789.

Ollivaux, C. and D. Soyez. 2000. Dynamics of bio-
synthesis and release of crustacean hyperglycemic
hormone isoforms in the X-organ-sinus gland
complex of the crayfish Orconectes limosus. Eur.
J. Biochem. 267:5106-5114.

Passano, L. M. 1953. Neurosecretory control of molt-



388

ing in crabs by the X-organ sinus gland complex.
Physiol. Comp. Oecol. 3:155-189.

Perez-Farfante, |. and B. E Kensley. 1997. Penaeoid
and sergestoid shrimps and prawns of the world:
Keys and diagnoses for the families and genera.
Mém. Mus. Natl. Hist. Nat. 175:1-233.

Reddy, P S., G. D. Prestwich, and E. S. Chang. 1997.
Crustacean hyperglycemic hormone gene expres-
sion in the lobster Homarus americanus. In S. Ka-
washima and S. Kikuyama (eds.), Advances in
comparative endocrinology, pp. 51-56. Moduzzi
Editore, Bologha.

Sithigorngul, W., S. Jaideechoey, W. Saraithongkum,
S. Longyant, and P Sithigorngul. 1999. Purifica-
tion and characterization of an isoform of crusta-
cean hyperglycemic hormone from the eyestalk of
Macrobrachium rosenbergii. J. Exp. Zool. 284:
217-224.

Skinner, D. M. 1985. Molting and regeneration. In D.
E. Bliss and L. H. Mantel (eds.), The biology of
Crustacea, Vol. 9, pp. 43-146. Academic Press,
New York.

Soyez, D., J. P Le Caer, P Y. Noel, and J. Rossier.
1991. Primary structure of two isoforms of the
vitellogenesis inhibiting hormone from the lobster
Homarus americanus. Neuropeptides 20:25-32.

Soyez, D., E Van Herp, J. Rossier, J.-P. Le Caer, C. P
Tensen, and R. Lafont. 1994. Evidence for a con-
formational polymorphism of invertebrate neuro-
hormones: D-amino acid residue in crustacean hy-
perglycemic peptides. J. Biol. Chem. 269:18295—
18298.

Spanings-Pierrot, C., D. Soyez, F Van Herp, M. Gom-
pel, G. Skaret, E. Grousset, and G. Charmantier.
2000. Involvement of crustacean hyperglycemic
hormone in the control of gillion transport in the
crab Pachygrapsus marmoratus. Gen. Comp. En-
docrinol. 119:340-350.

Stentiford, G. D., E. S. Chang, S. A. Chang, and D.
M. Neil. 2001. Carbohydrate dynamics and the
crustacean hyperglycemic hormone (CHH): Ef-
fects of parasitic infection in Norway lobsters (Ne-
phrops norvegicus). Gen. Comp. Endocrinol. 121:
13-22.

Sun, P S. 1994. Molecular cloning and sequence anal-
ysis of a cDNA encoding a molt-inhibiting hor-
mone-like neuropeptide from the white shrimp
Penaeus vannamei. Molec. Mar. Biol. Biotechnol.
3:1-6.

Sun, P S. 1997. Recombinant molt-inhibiting hor-
mone-like neuropeptide produced in the yeast Pi-
chia pastoris. PACON Internat. Proc. 1997:509—
518.

Tang, C., W. Lu, G. Wainwright, S. G. Webster, H. H.
Rees, and P C. Turner. 1999. Molecular charac-
terization and expression of mandibular organ-in-
hibiting hormone, a recently discovered neuropep-

ErRNEST S. CHANG

tide involved in the regulation of growth and re-
production in the crab Cancer pagurus. Biochem.
J. 343:355-360.

Tensen, C. P, D. P V. De Kleijn, and FE Van Herp.
1991. Cloning and sequence analysis of cDNA en-
coding two crustacean hyperglycemic hormones
from the lobster Homarus americanus. Eur. J.
Biochem. 200:103-106.

Umphrey, H. R, K. J. Lee, R. D. Watson, and E. Spa-
ziani. 1998. Molecular cloning of a cDNA encod-
ing molt-inhibiting hormone of the crab, Cancer
magister. Molec. Cell. Endocrinol. 136:145-149.

Van Herp, F 1998. Molecular, cytological and physi-
ological aspects of the crustacean hyperglycemic
hormone family. In G. M. Coast and S. G. Webster
(eds.), Recent advances in arthropod endocrinol-
ogy, pp. 53-70. Cambridge University Press,
Cambridge.

Wainwright, G., S. G. Webster, M. C. Wilkinson, J. S.
Chung, and H. H. Rees. 1996. Structure and sig-
nificance of mandibular organ-inhibiting hormone
in the crab, Cancer pagurus. J. Biol. Chem. 271:
12749-12754.

Watson, R. D. 1999. Molecular cloning, expression,
and tissue distribution of crustacean molt-inhibit-
ing hormone. Amer. Zool. 39:86A.

Webster, S. G. 1991. Amino acid sequence of putative
moult-inhibiting hormone from the crab Carcinus
maenas. Proc. Roy. Soc. London B 244:247-252.

Webster, S. G. 1996. Measurement of crustacean hy-
perglycaemic hormone levels in the edible crab
Cancer pagurus during emersion stress. J. Exp.
Biol. 199:1579-1585.

Webster, S. G., H. Dircksen, and J. S. Chung. 2000.
Endocrine cells in the gut of the shore crab Car-
cinus maenas immunoreactive to crustacean hy-
perglycaemic hormone and its precursor-related
peptide. Cell Tiss. Res. 300:193-205.

Weidemann, W., J. Gromoll, and R. Keller. 1989. Clon-
ing and sequence analysis of cDNA for precursor
of a crustacean hyperglycemic hormone. FEBS
Lett. 257:31-34.

Yang, W.-J., K. Aida, and H. Nagasawa. 1995. Amino
acid sequences of a hyperglycaemic hormone and
its related peptides from the Kuruma prawn, Pen-
aeus japonicus. Aquaculture 135:205-212.

Yang, W.-J,, K. Aida, A. Terauchi, H. Sonobe, and H.
Nagasawa. 1996. Amino acid sequence of a pep-
tide with molt-inhibiting activity from the kuruma
prawn Penaeus japonicus. Peptides 17:197-202.

Yasuda, A., Y. Yasuda, T. Fujita, and Y. Naya. 1994.
Characterization of crustacean hyperglycemic hor-
mone from the crayfish (Procambarus clarkii):
Multiplicity of molecular forms by stereoinversion
and diverse functions. Gen. Comp. Endocrinol.
95:387-398.

Zeleny, C. 1905. Compensatory regulation. J. Exp.
Zool. 2:1-102.



